The N-terminal regions of histone proteins (tails) are dynamic elements that protrude from the nucleosome and are involved in many aspects of chromatin organization. Their epigenetic role is well-established, and post-translational modifications (PTMs) present on these regions contribute to transcriptional regulation.
Histones are highly conserved proteins found primarily in the nucleus that organize into higher order structures with DNA to form nucleosomes, the basic building block of chromatin. Nucleosomes are composed of ~147 bp of DNA wrapped around a histone octamer, which is assembled by two H2A/H2B dimers, and an H3/H4 tetramer [1] . The highly basic and largely flexible histone N-termini (tails) extend out of the nucleosome and are readily accessible to enzymes that can add (writers) or remove (erasers) posttranslational modifications (PTMs). These PTMs may act in a synergistic or sequential fashion to recruit various histone binding proteins (readers) and remodelers, affecting downstream transcriptional processes [2] and chromatin structure [3] . Nucleosome core particles that include histones and DNA can be reconstituted in vitro, and serve as a useful model system for the study of chromatin biology.
Despite their critical function, the three dimensional structure of the tails and their role in mediating intra-and inter-nucleosome interactions with both DNA and proteins of the transcriptional machinery are largely unexplored. Since the first crystal structure of the octameric histone core was determined [4] , a number of high resolution histone (and variant) structures have been reported in complexes with chaperones, nucleosomes and nucleosomal arrays (622 entities in 378 PDB entries, rcsb.org) [5] ; in most of these structures, parts of the histone tails could not be resolved due to their high flexibility. Peptides corresponding to segments of the tails and modified versions of those have been employed as an alternative approach and have been successfully resolved in complexes (~270 entities). Analytical methods that will tackle these challenges and will allow for the structural analysis of full histone sequences in a physiological context are highly desirable.
Hydrogen/deuterium exchange-mass spectrometry (HX-MS) is a powerful method for probing highly dynamic regions of proteins (such as the N-terminal regions of histones) that may be inaccessible to other methods [6] . In the few published studies that have attempted to probe histone dynamics, the tails were represented poorly, either by the lack of peptides in this region or by the identification of long peptides (~50 amino acids; for a detailed background see [7] ). In all these studies, a traditional bottom-up approach was employed, where proteins were digested rapidly into peptides using pepsin, a non-specific endoprotease that is functional under HX-MS quenching conditions. Neprosin, a selective prolyl endoprotease, was reported to improve resolution of the H3 and H4 tails compared to pepsin [8] , but has not yet been used for monitoring in-solution histone dynamics. More recently, we improved coverage and redundancy of H2A, H3 and H4 tails further (peptides ~20-25 amino acids long) through the use of Cathepsin-L and showcased its applicability to the analysis of the in-solution dynamics of H3 and H4 in a monomeric context [7] . Sequence resolution of H3 and H4 was significantly increased using Cathepsin-L followed by on-line pepsin digestion, but background signals also increased, necessitating additional washes with high concentrations of guanidine hydrochloride between runs to maintain a low background. This is a known issue with offline, in-solution digestions where a high enzyme:substrate ratio is required, therefore immobilized protease columns are highly preferred.
Recently, a dual protease type XIII/pepsin column became commercially available and it is slowly being adopted for in HX studies [9, 10] . Protease type XIII from Aspergillus saitoi was introduced in the HX-MS field in 2003 [11] and has mainly been used for the digestion of proteins in-solution [12] [13] [14] [15] , although an immobilized version used for deuterium exchange studies of proteins has also been described [16, 17] .
Like pepsin, it is a non-specific enzyme and maintains its activity in the presence of reducing and denaturing agents [15] commonly required in HX-MS experiments. Its cleavage preferences at the C-terminal side of basic amino acids [14] are complementary to pepsin, enabling improved peptide maps with a high percentage of overlapping fragments [9, 10, 16] . Here, we introduce the protease type XIII for studying histone tails by HX-MS. We optimize online digestion conditions using the dual protease type XIII/pepsin column and showcase excellent resolution for all core histones either at the MS1 or MS2 level.
Experimental Section

Materials
Human recombinant histones (H2A; M2502S, H2B.1; M2505S, H3.1; M2503S and H4; M2504S) were purchased from New England BioLabs Inc (Ipswich, MA). Mononucleosomes, recombinant human (16-0009) containing H2A (P04908), H2B (O60814), H3.1 (P68431), and H4 (P62805) were purchased from EpiCypher (Durham, NC). D; 151882). All other reagents were from Sigma-Aldrich (St. Louis, MO). to a final pH 2.2 (0.6% formic acid). Samples were injected as described above and incubated in the loop for 1 min prior to online digestion. Full deuteration controls were prepared by overnight labeling at 37 o C using an Eppendorf TM Thermomixer TM R (Thermo Scientific, Rockford, IL) and injected as described above.
Sample preparation
MS data acquisition
MS analysis was carried out on an Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer
(Thermo Fisher Scientific) using a spray voltage of 3.5 kV, capillary temperature 220 °C and vaporizer temperature 50 o C. Full MS scans were acquired in the m/z range 270-1500, with an AGC target 5e5 and 6 60,000 resolution (at m/z 200). Peptides with charge states 2 to 8 were selected for MS/MS fragmentation using ETD or HCD. Parameters were as follows: AGC target 4e5, loop count 12 and isolation window 3 m/z. ETD reaction times were 50 ms for charges 2-3, 25 ms for charge 4 and 20 ms for charges 5-8; HCD collision energy was 28% for all charges. Data were acquired in profile mode and peptides were identified using Spectrum Mill Proteomics Workbench (prerelease version B.06.01.202, Agilent Technologies).
Searches were performed using ESI QExactive in the Instrument menu. The fragmentation mode was ETD only for ETD experiments and All for HCD experiments. A non-specific enzyme search was performed using a fasta file containing sequences of human histones, pepsin and protease type XIII. Peptide and fragment tolerances were at ±20 ppm and peptide FDR at 1%. Further processing, manual validation of the data and deuterium uptake measurements occurred in HDExaminer (Sierra Analytics).
RESULTS AND DISCUSSION
Optimization of digestion conditions
The proteolytic activity of the dual protease column was optimized using the H4 monomer followed by ETD fragmentation [18] . Due to the hydrophilic nature of the tails, we tested varying digestion times (1-3 min) and flow rates (100-300 μL/min) aiming to obtain high N-terminus coverage and repeated measurements of amino acids from overlapping peptides (often referred to as redundancy). In all conditions, spectra corresponding to intact H4 were not detected, indicating that digestion was complete. The number of tail peptides identified (up to amino acid 30) ranged from 6-11 ( Fig. 1A) with the total digestion volume being the largest contributor; it was found that 400-600 μL provided optimum number of peptides and intensities.
Using less than 400 μL was insufficient to remove guanidine HCl, resulting in decreased peptide intensities, while using digestion volumes above 600 μL resulted in the loss of shorter peptides during trapping. In this optimal range, increasing the pressure (from 80 bar to 255 bar) by increasing the flow rate (from 100 μL/min to 300 μL/min) had minimal effect in the number of peptides identified, we therefore chose the minimum optimum digestion volume (2 min at 200 μL/min) to prevent back exchange.
Histone peptide identifications by HCD and ETD
We then tested the overall protein coverage and reproducibility of the column using the four core histones and performed digestions in triplicates. To generate a comprehensive map of the peptides produced upon digestion with the dual protease column, we applied both HCD that is available in Orbitrap systems and ETD fragmentation that is better suited for the analysis of high charge state cationic molecules [19] and is anticipated to provide better resolution of tail peptides. The number of peptides identified ranged from ~90 to ~200 with a 42% (H2B) to 63% (H4) overlap between the two methods ( Fig. 1B) . HCD resulted in a greater sequence depth compared to ETD, due to the slower scan rate of the latter (~⅔ the rate of HCD) that results in less frequent peptide sampling [20] . Both methods however resulted in complete coverage of H2B and H4 and >94% for H2A and H3.1 ( Fig. 2A, 2B ). Despite the larger pool of peptides identified by HCD and the higher repeated AA overlap, most tail peptides were identified by both HCD and ETD, rendering either method suitable for HX measurements of histone tails at the MS1 level. H3.1 peptides. Pearson correlation coefficients of peptide intensities obtained in at least two replicates were >0.90. Standard deviations using HCD were inferior compared to ETD, presumably due to the higher number of small peptides identified (Fig. S1A , Table S1 ). These belonged mainly to the histone folds (starting at AA ~30 for H2A, H2B, H4 and AA 46 for H3 and extending to the C-terminus) and could still be qualified for HX measurements, however caution should be exercised during their selection due to their reduced reproducibility. Profiling the specificity of the column using these peptide identifications revealed cleavage sites characteristic to pepsin (Leu, Met) and protease type XIII (Arg) activities [14] (Fig. S1B) .
As histones form the stable core of nucleosomes, we next attempted to determine peptides generated for nucleosomal core particles (NCPs) by a standard in-line digestion using the dual protease column. Peptides generated upon digestion with the dual protease column were profiled at the MS1 level, as would typically occur for HX-MS measurements. Using the peptide libraries generated above, we extracted the precursor ions and inspected them in HDExaminer. For all histones, the number of peptides validated ranged from ~117 (H2A) to ~178 (H4) (Fig. 2C ). Compared to peptides identified from monomeric histones, identifications from the nucleosome matched with >85% of peptides from H3.1 and H4 monomers, ~78% from H2B, and ~60% from H2A. While the total number of peptide identification decreased, sequence coverage was unaffected, remaining similar between NCPs and monomers. Interestingly, the number of peptides corresponding to the tails was only marginally reduced relative to the monomers, yielding similar coverage. Taken together, these results indicate that despite the increase in sample complexity (histone octamer ~110 kDa), the presence of DNA and the lower amount of protein injected (0.5 μg per histone in NCPs vs. 1 μg in monomers), the developed method generated high resolution peptide maps for both the tails and the histone cores.
Given the importance of the tails and their PTMs in regulating transcriptional processes, we next focused our analysis on the improvements the dual protease column offers towards for deuterium measurements at the MS1 level that is the most commonly used approach in deuterium exchange studies.
We also calculated repeated AA overlap at the residue level, corresponding to the number of times a given AA has been identified in detected peptides (Fig. S2A) ; higher AA overlap values are desirable since they provide higher structural resolution and further validation of deuterium measurements. For all histones, a large number of overlapping tail (first 30 AAs) peptides with overhanging residues at their C-termini (e.g. H4) or both termini (e.g. H3) were detected upon HCD fragmentation ( Fig. 2A, Table S1 ), well outperforming peptide identifications reported to date for this class of proteins using other proteases. For example, pepsin generates only one large peptide (1-50) for H3.1, whereas cathepsin-L generates two shorter peptides (1-21, 1-22) in addition to 1-50, improving resolution in this region [7] ). In contrast, the dual protease column generated up to 16 overlapping peptides for H3.1 in residues 1-30 and resulted in almost complete residue resolution for AAs 5-8 and 15-26, covering 70% of the tail (Fig. S2B) . Similarly, near-single residue resolution was obtained for AAs 14-28 (50% of the tail) in H2A and 15-26 (43% of the tail) in H4. These are areas that contain known target residues for PTMs and the ability to calculate exchange rates at the residue level using a traditional bottom-up approach opens new avenues for histone structural studies. An increase in the site-resolution may further be feasible through the use of advanced computational approaches, using overlapping peptides that do not share common termini [21] . Single residue resolution was achieved in mononucleosomes, with the exception of H2A that was slightly lower (AAs 17-28). AA overlap values calculated per residue were in the range of 6-35 with the majority exceeding a value of 10 (Fig. S2B) . These correspond to ~2 to 4-fold increase compared to previous studies with pepsin or Cathepsin-L/pepsin [7, 22] . Similar redundancy values have been reported for other, non-histone proteins using the dual protease digestion scheme, even for proteins up to 900 residues long [17] , indicating the unique advantages the dual protease digestion has to offer. Next, we were interested to assess the method we developed on deuterated samples to evaluate how the presence of deuterium that results in isotopic expansion will impact protein coverage and redundancy. We employed the dual protease digestion configuration and performed deuterium exchange measurements of NCPs for three different time points (60 s, 600 s, 3600 s). In total, we were able to analyze 66 peptides in H2A (80% coverage), 73 in H2B (97% coverage), 51 in H3 (80% coverage) and 70 in H4 (96% coverage) for their D2O content. Between 40-60% of the undeuterated peptides previously identified under regular H2O buffer conditions (Fig. 2C ) were able to be re-identified and analyzed in their deuterated states. This decrease is attributed to the limited incubation time with guanidine HCl (1 min) prior to digestion, in contrast to the undeuterated ones that were fully denatured.
Despite the overall decrease in peptides generated, the tails were represented by a high number of peptides, offering unprecedented redundancy in this region compared to previously reported methods. We detected 19 peptides in H2A, 9 in H2B, 15 in H3 and 24 in H4; this corresponded to a marginal decrease in average redundancy values (8 to 12) compared to the denatured, undeuterated peptides (11 to 17) ( Fig.  S2C ). This is anticipated, as flanking histone tails extend outside the boundaries of NCPs and are accessible for proteolysis. The deuterium uptake for all histones is depicted in the form of a heat map for individual time points (Fig. 3) . It is shown that the tails are almost fully deuterated over the time course of the experiment in contrast to the histone folds that exhibit low deuterium uptake, even at the latest time point. For the investigation of protein dynamics, a higher labeling temperature or longer labeling time points is highly recommended.
Extending resolution of histone tails to the residue level
Localization of the deuterium content at the residue level occurs either at the peptide level through the identification of many overlapping peptides with overhanging N-and C-terminal residues [21] or using ECD/ETD (MS2) that prevents hydrogen scrambling [18] . We further took advantage of ETD capabilities to obtain residue resolution maps across the extensively modified tail regions (first 30 AAs). The majority of tail peptides identified (92%) were detected with charges +4 to +8 that correlated with length, rendering them excellent candidates for ETD fragmentation (Fig. S3 ). We calculated overlap per residue at the MS2 level, considering fragment ions from overlapping peptides and different charge states that result in separate MS2 spectra (Fig. S2A ). Pairing complementary fragment ions from overlapping peptides in this is anticipated to yield much richer ion ladders and separate true N-and C-terminal ions from noise [20] .
Summing all cleavage sites from overlapping peptides, and omitting residues N-terminal to proline at which ETD cleavage does not occur, full residue coverage of the tails was obtained, with the exception of H2B.
Residue overlap was highest for H2A and H4 where >90% of the residues had values >10, followed by H3.1 and H2B where >60% had values >10 (Fig. 4 ). Despite the decreased coverage observed (~80%) for H2B compared to the other histones, high overlap values were obtained for most lysine residues that undergo N-terminal modifications that are important.
We next analyzed whole NCPs using the same ETD workflow as for histone monomers. Pearson's correlations of peptide intensities were >0.93 indicating excellent reproducibility (Fig. S1 ). The number of overlapping peptides identified within the tails was in the range of ~8-11 for individual histones, providing full coverage in this region. Similar to the monomers, overlap values at the MS2 level were highest for H2A and H4 (80% of residues had values >5), followed by H2B (73%) and H3.1 (64%) (Fig. 4) . To our knowledge, this is the first time that overlap values of this magnitude are reported for NCP histones at residue resolution.
In a first of its kind, recent study, where ETD was employed for the analysis of NCPs following pepsin digestion, the resolution obtained for the first 30 AAs by single peptides (~40-50 amino acids long), was ~13% for H2A and H2B and ~48% for H3.1 and H4 indicating many non-resolved segments [22] . Using the dual protease column and performing ETD on all peptides identified, we demonstrate here that >97% residue resolution is achieved in NCPs for H2A, H3.1 and H4, and >90% for H2B. Of note, these results are obtained using <25 msec ETD reaction time for charge states >+4. Further improvements in resolution and overlap may be achieved using longer reaction times or a higher amount of fluoranthene ions, however further optimization was beyond the scope of this study.
In conclusion, the dual protease digestion column shows great promise for the structural analysis of histone tails by HX-MS. The extensive number of overlapping peptides generated provides unique resolution of the tails at the MS1 level at unprecedented redundancy, circumventing the need for ETD fragmentation in studies where single residue resolution is not required. We demonstrate that our method is applicable to the analysis of histones in a mononucleosomal context. We further demonstrate that the Table S1 . Heat maps depicting H-to-D exchange for each histone in nucleosome core particles (NCPs) (A). Amino acid sequences for individual histones are shown on top. Color coding of heat maps is based on deuterium update (%) calculated based on normalizing D-uptake values to a fully deuterated NCP control sample as described in Mayne, 2016 . Individual time points of exchange are 60, 600 and 3600 seconds. Individual D-uptake values are given in Table S1 . 
